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Much attention has been paid to environmental preservation worldwide in recent years. In the research field of piezoelectric ceramics, there is an increasing strong demand to develop alternative lead-free piezoelectric materials against PZT based compounds, which are being widely used in various fields as the most important piezoelectric materials. Potassium niobate, KNbO 3 is one of the important candidates of lead-free piezoelectric materials since the single crystals show a large electromechanical coupling factor and the high Curie point. [1] [2] [3] [4] Although the KNbO 3 has good piezoelectricity, piezoelectric coefficients of KNbO 3 are much lower than those of PZT based materials. Various experimental approaches have been explored to improve the piezoelectric responses including applied external fields, 4 ,5 chemical etching, 3 domain engineering, 6 etc. However, so far, no significant improvement has been achieved. In understanding of mechanisms of the piezoelectric coupling in ferroelectric piezoelectrics, most of the progresses have been centered on the discovery of the enhanced piezoelectric responses along nonpolar directions. Large piezoelectric responses along nonpolar crystallographic directions were reported in both complex relaxors [7] [8] [9] and simple perovskites 3, 10 in the past years. The origin of such enhancement of piezoelectric response in perovskites has been explained using a polarization rotation mechanism based on first-principle calculations [11] [12] [13] and free-energy flattening mechanism based on a phenomenological thermodynamic analysis. 14, 15 Based on the thermodynamic analysis, the effects of electric field, composition, stress and temperature on the piezoelectric properties of BaTiO 3 , PbTiO 3 , and PZT perovskite crystals have been examined using the Landau-Ginzburg-Devonshire (LGD) thermodynamic theory. [16] [17] [18] [19] [20] It is shown that the application of external fields enhances piezoelectric coefficients along the nonpolar directions, which is related to the phase transitions that are accompanied by huge shear piezoelectric coefficients, resulting an enhancement of longitudinal piezoelectric coefficient d Ã 33 ðh; /; wÞ. For the tetragonal BaTiO 3 single crystal, a higher piezoelectric response was observed along no-polar [111] . 10 While in the orthorhombic phase, the highest piezoelectric responses with d 33 over 500 pC/N were observed when an electric field was applied along [001] no-polar direction. 21 It is well known that KNbO 3 crystals exhibit a series of transitions similar to BaTiO 3 with cooling from Curie temperature but the stable phase is orthorhombic at room temperature. It is expected that KNbO 3 crystals may have similar enhancement of piezoelectric response under external fields. Room temperature piezoelectric coefficients of KNbO 3 have been well determined experimentally in the earlier studies. 22 6 In our previous work, we calculated a set of piezoelectric coefficients as a function of crystallographic orientation and temperature, 26 and also the piezoelectric coefficients along the applied electric field directions. 27 However, theoretical analysis of the crystallographic orientation dependence of piezoelectric coefficients of KNbO 3 single crystals under the application of electric fields and hydrostatic pressure has not been studied. Thus, the objective of this paper is to study the hydrostatic pressure and electric field effect on the dielectric and piezoelectric responses of single-domain KNbO 3 crystals using the LGD theory.
Under external pressure and electric fields, the LGD free energy can be written as 
(1) where a with subscript index represents expansion coefficient under zero stress, s ij is elastic compliance at constant polarization P i , Q ij is electrostrictive coefficient, r i and E i are stress and electric field. The values of a ij , s ij , and Q ij are taken form Ref. 29 .
We use the superscript 'p' with p ¼ c, t, o, r to indicate the physical quantities measured in the cubic, tetragonal, orthorhombic, and rhombohedral crystallographic coordinate systems, respectively. The dielectric stiffness coefficient v 28 The dielectric susceptibility g 28 Therefore, the piezoelectric coefficients in the orthorhombic phase depending on the dielectric susceptibilities and polarizations in the rotated system are given by 
where ffiffi ffi 3 p Þ correspond to the coordinates associated with the rhombohedral phase while / ¼ 0 and h ¼ Àp=4 are associated with the tetragonal phase. The other set of piezoelectric coefficients in different ferroelectric phases under the applied external fields can be obtained in a similar way.
We first consider the effects of hydrostatic pressure on the dielectric and piezoelectric responses of orthorhombic KNbO 3 . The hydrostatic pressure is expressed by
It alters the phase transition temperature. A phase diagram as a function of hydrostatic pressure r and temperature T has been constructed elsewhere. 29 Based on this thermodynamic phase diagram, the pressure dependencies of dielectric susceptibilities and piezoelectric coefficients at two chosen temperatures T ¼ 25 C and 100 C for the orthorhombic phase are presented in Fig. 1 . It should be noted that the applied pressure range is different for the two different temperatures since the phase transition-pressure is different based on the thermodynamic diagram. It is seen that the dielectric susceptibilities g Fig. 2 and the tetragonalorthorhombic phase transition has a stronger effect on d oÃ 33 . The pressure dependencies of the dielectric susceptibility for the orthorhombic phase can be understood from the pressure dependence of its free energy profile (Fig. 4) . The free energy of the orthorhombic phase at a given pressure as a function of polarization can be obtained through assuming the polarization P 1 ¼ 0 and dielectric susceptibility, and thus the increase of its piezoelectric response, i.e., a dielectric softening of the crystal along the polar directions. It is noted that the flattening of free energy under a pressure becomes more prominent near a phase transition. Next, we calculate the piezoelectric responses of KNbO 3 crystal under applied electric field. In order to find the stable ferroelectric phase with the applied electric field, a phase diagram as a function of temperature and electric field is constructed and given in Fig. 5 .
From the temperature-electric field phase diagrams, it is seen that the applied electric field could induce ferroelectric phases other than the regular tetragonal phase (P 1 ¼ P 2 ¼ 0, P 3 > 0), orthorhombic phase (P 1 ¼ 0, P 2 ¼ P 3 > 0), and rhombohedral phase (P 1 ¼ P 2 ¼ P 3 > 0). For the sake of simplicity, here we only focus on the dielectric susceptibilities g ) where there is only the regular orthorhombic phase. The calculated dielectric susceptibilities and piezoelectric coefficients are shown in Fig. 6 . It is easily seen that a positive bias field reduces the dielectric susceptibilities and piezoelectric coefficients. Of particular interest are the temperature regimes close to two adjacent phase transitions at the small electric field, i.e., from the orthorhombic phase to high-temperature phase a [defined by P 3 > P 2 ; P 1 ¼ 0 in Fig. 5(b) ] and from the orthorhombic phase to low-temperature phase b [defined by P 2 ¼ P 3 > P 1 > 0 in Fig. 5(b) ]. For example, at 200 C close to the orthorhombica phase transition, the positive bias field reduces g c cubic axis. However, our calculating results show that the temperature dependence of the shear piezoelectric coefficients is significantly reduced by the electric field along the polar direction [ Fig. 6(b) ]. The temperature effects on the piezoelectric coefficients are diminished under the applied electric field. As a result, it is not easy to transform KNbO 3 crystal from the orthorhombic phase to either tetragonal or rhombohedral phase by changing the temperature. The result is consistent with the temperature-electric field phase diagram [ Fig. 5(b) ] that the transition temperatures for the orthorhombic-a and orthorhombic-b phase transition increase and decrease under an electric field, respectively. In order to illustrate the crystallographic orientation dependence of d In summary, we have studied the effects of hydrostatic pressure and electric field (E [011] c) on the piezoelectric responses of single-domain KNbO 3 single crystals using the Landau-Ginzburg-Devonshire thermodynamic theory. The effect of hydrostatic pressure on the piezoelectric response is very similar to that of temperature if we assume a ferroelectric phase transition is in the first-order. The phase diagram as a function of electric field and temperature is constructed based on the thermodynamic calculations. The applied electric fields parallel to the polar direction reduce the dielectric and piezoelectric responses of KNbO 3 crystals. The maximum of the piezoelectric coefficient d oÃ 33 is determined by the rotation of the polarization resulted by both temperatures and external electric fields. To further calculate the piezoelectric responses of KNbO 3 sintered ceramics under the applied external fields, we have to extend the current thermodynamic calculations to phase field simulations, in which the effect of polycrystal microstructures and multi-domains can be included. 
